. 26
Utilizing εNd to reconstruct ocean circulation is based on the fundamental assumption 27 that changes in εNd reflect conservative mixing of water masses (Frank, 2002) . However, 28 this assumption has been called into question because the marine budget for εNd is 29 unbalanced (Tachikawa et al., 2003; van de Flierdt et al., 2004; Arsouze et al. 2009 ) and 30 because water mass εNd (εNd WM ) appears to be altered by non-conservative processes in 31 marginal settings or "boundary exchange" (Lacan and Jeandel, 2005; Carter et al., 2012; 32 Grasse et al., 2012; Grenier et al., 2013; Haley et al., 2014; Stichel et al., 2015) . In 33 addition, global ocean circulation models incorporating εNd distributions suggest that 34 there is a "missing" source of dissolved Nd that contributes up to ~95% of the Nd to the 35 ocean (Arsouze et al., 2009) . Pore fluid concentration profiles indicate that this missing 36 source could be a benthic flux of Nd from sedimentary pore fluids (Sholkovitz et al., 37 1989; Haley et al., 2004; Abbott et al., 2015) . If so, how does this benthic flux of Nd 38 impact the distribution of εNd in the ocean and the use of εNd in paleoclimate 39 reconstructions? To answer this question we examine the εNd of the pore fluids, which 40 represent a benthic source of Nd that is significant to the marine Nd budget (Abbott et al., 41 sample using in-line "Disposal A" 0.45 µm filters (Geotech Environmental item 48 73050004). All water column samples were acidified to pH ≤2.5 using ultrapure 12 M 49
HCl. Pore fluid was collected using centrifuged sediments from multiple cores and the 50 centrifuged sediments were then digested in a mixture of HNO3, HCl and HF using a 51 CEM Corp MARS-5 microwave (Muratli et al., 2012; Abbott et al., 2015) . 52
Water and sediment digests were analyzed for Nd concentrations on the Thermo 53
VG ExCell quadropole ICP-MS at the W.M. Keck Laboratory for Plasma Mass 54
Spectrometry (Oregon State University). A large volume seawater sample (NBP95R10) 55 collected from the Bransfield Strait in the Southern Ocean (62° 46ʹS, 59° 24ʹW) at a 56 water depth of 1300 m was used as an in-house consistency standard (mean 24.8 pM Nd, 57 1σ = 4 pM, procedural blank 3.5 pM Nd) as no calibrated seawater standards are 58 Fig. 2b ). Based on these water mass identifications and the published εNd of 71 NPIW and PDW (Haley et al., 2014) , the water column εNd profile is predicted to 72 decrease with depth from −3 toward −3.5 (Fig. 2b) . Instead, the observed εNd appears to 73 remain constant with depth below the surface, at −2.5 at 1200 m and at −2.3 at 3000 m 74 (Fig. 3) . The deviation between the observed and the expected εNd BW is greatest 75 (ΔεNd exp-obs = 1.0) in bottom water at our 3000 m site, coinciding with the largest benthic 76 flux of Nd to the ocean (Fig. 3 , Abbott et al., 2015) . The εNd obs deviates toward the εNd 77 of pore fluids (εNd PW ), with εNd obs being less radiogenic than predicted (Fig. 3) . The 78 average pore fluid εNd value (εNd PW ) at each site is nearly constant down core and is 79 −0.2 at 200 m; −1.5 at 1200 m (excluding 1.2 cm and 2.4 cm); and −1.8 at 3000 m (Fig.  80 3). These values are offset from PDW values (−3.5), and instead must be generated from 81 the bulk sedimentary solid phase (Fig. 3) . Regardless of the mechanism of generation, our 82 measured εNd PW demonstrate that pore fluids can produce an isotopically distinct flux 83
term. 84
We argue that the overlying water column εNd profile is controlled by the benthic 85 Nd flux from the pore fluids and that the influence of this flux on water column εNd can 86 be described as: 87
Where the εNd of a water mass (ε NdWM ) is a function of the concentration of Nd in 89 the water mass ([Nd] WM ; at t = 0), the magnitude of the benthic flux (F Nd ), and the (Parekh et al., 1977; Elderfield et al., 1981; Shaw and 119 Wasserburg, 1985) . The variation in F Nd and ΔεNd Flux-WM ( PV is zero, and our calculations do not account for exposure time. For the latter caveat, 160
we can model the sensitivity of the response of εNd WM to a predicted flux (Equation 2) 161 over a range of exposure times; predicting εNd WM over 500 years for 6 scenarios 162 representing a range of conditions in the modern ocean (Fig. 4) . In all scenarios, εNd Flux = 163 −5 and εNd BW = 0. The model results demonstrate that low fluxes require a longer 164 exposure time to alter εNd WM and have a lower ability to cause alteration (Fig. 4) . 165
Conversely, high fluxes can result in fairly rapid shifts to εNd WM , regardless of initial Nd 166 concentration (Fig. 4) . For example, scenario 1 results in a 1.5 εNd shift in ~50 years; the 167 same change in εNd requires ~185 years in scenario 2, ~230 years in scenario 3, and 168 more than 500 years in scenarios 4, 5, and 6 (Fig. 4) . All scenarios assume a water mass 169 thickness of 2000 m. This sensitivity test demonstrates that the timescales associated 170 with an influence of the benthic flux of Nd on the εNd distribution in the deep ocean is 171 commensurate with modern observations (average mixing time of the deep ocean 1500 172 years; Broecker and Peng, 1982) . 173 We can go one step further and apply the piston velocity over the height of the 174 overlying water mass to calculate the time required for the benthic flux to change the 175 εNd WM by calculating the "response time" (τ response ). We calculate the response time of a 176 given water mass to the benthic flux of Nd for our model (Equation 3) 177
where H is the thickness of the water mass (2500 m at 3000 m site; 1000 m at 179
Publisher: GSA Journal: GEOL: Geology DOI:10.1130/G37114.1 Page 9 of 16 water mass, F Nd is the magnitude of the flux, and A is the area. These τ response calculations 181 allow us to isolate and only consider the water mass in contact with the sedimentary 182 source, assuming steady state. We find τ response to be ~300 years at both our 1200 m and 183 3000 m site, consistent with the observed basin scale εNd variability seen in deep water 184 (Tachikawa et al., 1999) . 185
Our εNd data and benthic flux model support εNd as a useful tracer of ocean 186 circulation. However, our model adds complexity to interpretations of the εNd data. We 187
propose that εNd retains a memory of its flow path (Equation 1), as seen in our data by 188 the alteration of more radiogenic Pacific Deep Water with a less radiogenic benthic flux 189 (Fig. 3) Tanaka, T., Togashi, S., Kamioka, H., Amakawa, H., Kagami, H., Hamamoto, T., 306 Yuhara, M., Orihashi, Y., Yoneda, S., Shimizu, H., Kunimaru, T., Takahashi, K., 307 Yanagi, T., Nakano, T., Fujimaki, H., Shinjo, R., Asahara, Y., Tanimizu Exposure Time (years) εNd result major cations. Neodymium was further isolated from other lanthanides using Ln Spec 24 resin (modified from Pin and Zalduegui, 1997). Each column was loaded with 2 mL of 25 50-100 µm mesh Ln resin (Eichrom® part LN-B50-5) and cleaned with 4 mL 6M HCl 26 and 6 mL MQ. The column was then conditioned in 4 mL 0.1M HCl before the 0.5 mL 27 sample was loaded in 0.1M HCl, and then eluted with 15 mL 0.1M HCL and 0.25M HCl. 28
Flux Calculations 29
The benthic flux of Nd from each of our sites was calculated using the 30 concentration gradient in the pore fluids (Abbott et al., 2015) . The benthic fluxes at our 31 sites (between 2.6 and 31 pmol cm -6 even though the presence of macrofauna at this 36 site likely interferes with diffusive processes (Abbott et al., 2015) . Flux calculations at 37 our sites did not take into account the concentration of Nd in the bottom water, allowing 38 us to maintain the independence of piston velocity in identifying the relationship between 39 piston velocity and ΔεNd (equation 2). However, for illustrative purposes, we also 40 calculate the flux across the sediment-water interface including the bottom water. These 41 calculations are based on only the bottom water Nd concentration and the upper most (1.2 42 cm) pore fluid Nd concentration after the calculation by Haley and Klinkhammer (2003) . 43 The resulting fluxes still increase from our 200 m site (16 pmol cm -2 yr -1 ) to our 1200 m 44 [Nd] C =F × t × p (5) 53
Where [Nd] C is the cumulative concentration of Nd that is derived from the 54 benthic input, F is the flux, t is time, and p is the limit imposed on the amount of Nd as a 55 fraction of the flux that can be added to the bottom water (0 ≤ p ≤ 1). We present the 56 simplest of these models in the main text: a 500 year simulation for 6 scenarios, each 57 with εNd Flux = -5 and εNd BW = 0, in which the amount of Nd added is equal to the 58 cumulative flux (i.e., p=1, Figure 4) . The model presented is not at steady state as there is 59 no loss term included to conserve bottom water Nd concentrations. However, by 60 adjusting p we can numerically conserve the Nd concentration in the water mass, and 61 bring the model towards steady state. While conservation of concentration is possible, a 62 realistic sink needs to be constrained both isotopically and in terms of the pattern of 63 (concentration (pmol cm -3 ) × height (cm)). The model can be adjusted to the parameters 68 at each site (e.g. water column height, εNd Flux , and εNd BW ) and can be adjusted for a
